An actuator comprised of a rigid substrate and two parallel clamped-clamped microbeams is modeled under the influence of electrostatic loading. The problem is considered under the context of nonlinear Euler's mechanics, where the actuating system is described by coupled integrodifferential equations with relevant boundary conditions. Galerkin-based discretization is utilized to obtain a reduced-order model, which is solved numerically. Actuators with different gap sizes between electrode and beams are investigated. The obtained results are compared to simulations gotten by the finite-element commercial software ANSYS.
Introduction
One of the basic and most common MEMS devices is the parallel-plate electrostatic actuator. A clear advantage of the parallel-plate electrostatic actuators is their capability of generating high force. One drawback of these actuators, however, is the low deflection they can perform due to the gap size between the parallel plates and the induced pull-in instability caused by system nonlinearities. The main source of these nonlinearities is the fact that the electrostatic produced force is inversely proportional to the squared value of the gap distance between the two electrodes. Inclusive analyses of the pull-in instability can be found in published papers by Gupta et al. [1] , Nielson and Barbastathis [2] , Nayfeh et al. [3] , and Khater et al. [4] .
In order to put limitations on the instability domain, an intuitive solution is to decrease the gap distance between the parallel plates. Two additional actions can also help: (i) reduction of the rigidity of the parallel plates and (ii) increase the areas of the electrostatic surfaces. There have been several attempts to increase the stable range of travel of parallel-plate actuators. Early attempts include the use of curved electrodes [5] , utilizing leveraged bending and strain stiffening [6] , and employing feedback control algorithms to increase dynamic range [7] .
A unique approach of intensifying the electrostatic force and increasing the out-of-plane deflection was to utilize more than one parallel-plate electrostatic device built in parallel fashion. Abbaspour-Sani and Afrang [8] proposed a structure composed of two displaceable microplates for a microswitch application. Chaffey and Austin [9] presented another microswitch made of a double-cantilever microbeam structure. Samaali et al. [10] demonstrated a double-cantilever microbeam to design an RF microswitch. In all of these attempts, researchers were able to reduce pullin voltages, switching time and power consumption.
Inspired by these works, the current work is intended to provide an analytical solution for the deflection of a parallel double actuator comprised of a fixed electrostatic substrate and two electrostatic parallel layers. A continuum model based on Euler's beam is used to describe the two clampedclamped parallel microbeams under the influence of applied voltage. The presented model includes the effect of geometric nonlinearity due to midplane stretching. The quasi-static response of a single actuator (made of a substrate and a single electrostatic layer) is compared with that of double actuators (made of a substrate and two electrostatic layers). Then, a finite-element numerical solution is obtained by utilizing ANSYS, and a comparison between both solutions is presented. 
Electromechanical Model
In this section, we present the structural-electrical model of single-microbeam as well as double-microbeam actuators under electrostatic loading due to parallel-plate effect. Figure 1 shows a clamped-clamped single-microbeam actuator loaded by a DC electric load. The initial distance separating the microbeam from the substrate is D. The microbeam is modeled as a linear prismatic Euler-Bernoulli beam of width , thickness ℎ, length , elasticity modulus , density , crosssection area = ℎ, and area moment of inertia = ℎ 3 /12. It is assumed that the microbeam is not subjected to any induced axial loads (due to residual stresses). We let̂(̂) be the beam displacement at location̂.
Based on the above assumptions, the equation of motion and associated boundary conditions of the microbeam shown in Figure 2 can be expressed as in Ijntema and Tilmans [11] as follows:
(1) Figure 2 shows a clamped-clamped electrically actuated double-microbeam actuator. The nonlinear equations of the system and associated boundary conditions can be described as follows [11, 12] :
wherêis the static deflection of each microbeam, is the mass density, and ℎ are, respectively, the width and height of the beam section, is the beam length, is Young's modulus, = ℎ is the cross-section area, = ℎ 3 /12 is the second moment of area, 0 is the dielectric constant, and DC is the applied DC voltage. We note that the microbeam static behavior depends on four factors: (i) microbeam resistance to bending, (ii) microbeam stiffness due to midplane stretching, (iii) external force input (the electrostatic force term), which was derived in assuming parallel-plate theory, and (iv) overlap between the areas of each microbeam and the stationary electrode.
For convenience, we introduce the following nondimensional variables:
In nondimensional forms, (1)-(2) become
Equations (4) and (5) are discretized using a Galerkin procedure to yield a reduced-order model (ROM) [13] . First, (4) is multiplied by (1 − )
2 . Then, we approximate the microbeam deflection as
where ( ) ( = 1, 2, . . . , ) are the normalized mode shapes of clamped-clamped microbeam and ( = 1, 2, . . . , ) are non-time-varying constant coefficients. Because of the symmetric nature of a clamped-clamped microbeam and the electrostatic forces, only symmetric (odd) mode shapes are considered.
After substituting (9) into the resulting equation, multiplying by ( ), using the orthogonality conditions of the mode shapes, and integrating numerically the outcome from 0 to 1, as shown below in (12) , yield the following ROM equations:
The obtained ROM contains a system of nonlinear algebraic equations that can be solved numerically using NewtonRaphson method to obtain the non-time-varying constant coefficients and, hence, the static deflection of the singlemicrobeam actuator.
The same procedure described in the above paragraph is applied to system of two equations describing the deflection of each microbeam in the double-microbeam actuator system. First, (6) is multiplied by 2) is approximated, respectively, as
where ( ) are the normalized mode shapes of clampedclamped microbeam and and are the nondimensional non-time-varying constant coefficients of the first and second beams, respectively.
At this point, we substitute (11) into (6) and (7), multiply by ( ), use the orthogonality conditions of the mode shapes, and, then, integrate the outcome from 0 to 1 to obtain the ROM of the double-microbeam actuator.
Equations (12) below form a system of nonlinear algebraic equations in terms of these coefficients and . These equations are solved numerically using the Newton-Raphson method to obtain the non-time-varying constant coefficients and, hence, the static deflection of the double-microbeam actuator. Consider the following:
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Finite-Element Method
The commercial software ANSYS is used to model the singleand double-beam configuration. Two and four layers are meshed using standard tetrahedral elements. The convergence of the solution has been examined, and a sufficiently fine mesh has been used. Figure 3 shows the ANSYS doublemicrobeam actuator model performed in this work. The ANSYS model consists of a coupled electrostatic-structural element (TRANS126 elements) to model the electrostatic coupling between the beam and a ground electrode. This element is a two-node element which has one structural degree of freedom and an electrical potential between the nodes. One end of each element is held fixed, while the other is coupled to a structural node in the beam. A voltage difference is applied across the TRANS126 element, which creates an attractive force that is resisted by the stiffness of the beam. The comparison shows excellent agreement among the ROM nonlinear beam model and the nonlinear finiteelement model.
Results and Discussion
Representative cases are presented in the sequel for a singlemicrobeam actuator and a double-microbeam actuator. Let us assume that each microbeam has the geometric properties of = 150 m, ℎ = 1 m, and = 4 m, and the gap thicknesses are governed by = 1 + 2 + ℎ = 3 m.
In order to ensure the convergence of the ROM, we calculate the maximum static deflection of the upper microbeam ( max = 2 | =(1/2) ) for the case of double-microbeam actuator using one, two, and three symmetric modes of the ROM while varying the DC load. Figure 4 shows that using one mode yields acceptable converged results, which indicates a minimum contribution of the higher-order modes to the total outcome. Next, we move on to compare the maximum static defection of the single-microbeam actuator with that of the doublemicrobeam actuator. Figure 5 clearly shows that the doublemicrobeam actuator is capable of attaining a larger stroke than the single-microbeam actuator, but on the expense of a lower pull-in voltage.
The analytical results obtained from the reduced-order model are then compared with the results obtained from finite element ANSYS simulation. Figure 6 shows a good agreement between the two approaches, with slight deviations observed at higher voltage loads.
Hence, ANSYS can be utilized to predict response of a triple-microbeams actuator. Keeping the same total gap thickness, Figure 7 shows that there is a trend of increasing maximum deflection as the actuator embraces more microbeam. It is obvious that adding more layers increases the magnitude of the deflection albeit reducing the pull-in voltage. Finally, we investigate the effect varying the gap thicknesses on the maximum static deflection of the doublemicrobeam-actuator. Figure 8 shows clearly that decreasing the gap between the two microbeams results in decreasing the pull-in voltage as well as increasing the range of travel (stroke) of the actuating system. 
Conclusions
The paper presented a MEMS actuator comprising of an electrostatic substrate-single microbeam and substrate-double microbeams. Different arrangements of clamped-clamped microbeam-electrode combinations were presented in this study. Reduced-order model based on Galerkin method and FEM analysis were used to calculate maximum transverse deflections and obtain pull-in voltages. It is found that it is possible to stimulate the response of the system by adding more layers of micro-beam-electrode combinations. The effects of spacing between microbeams and/or electrodes are found to be of a great importance on the transverse response of the system as well as on the pull-in voltage value. The investigation provides a ground for implementing the technique of using multiple layers of microbeam-electrode combination whenever larger response is desired.
